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Elevated Ionic Strength Diminishes Force/Cross-Bridge and the Number
of Force-Generating Cross-Bridges
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Ionic strength (IS) is an important parameter to govern the inter- and intra-
molecular interactions. In muscle, it has been known that an increase in IS
lowers Ca2þ activated tension, however, its molecular mechanism is not well
understood. Our aim was to determine whether force/cross-bridge or the num-
ber of force-generating cross-bridges changes with IS. Stiffness during rigor
was studied on single fibers from rabbit psoas, which showed that there was
no effect of IS, demonstrating that in-series compliance is not affected by IS.
This observation indicates that stiffness of thick filament, thin filament, myosin
head, and actomyosin interface are not affected by IS. Sinusoidal analyses were
performed during Ca2þ activation, and the effects of ATP, phosphate (Pi), and
ADP on three rate constants were studied at IS ranging 150mM-300mM to
characterize elementary steps of the cross-bridge cycle. Both ATP binding
(K1) and ADP binding (K0) increased to 2x, and the Pi binding (K5) decreased
to 1/2 when IS was increased from 150mM to 300mM. The effect of Pi can be
explained by the electrostatic interaction with the Pi binding site on myosin.
The effect on ATP/ADP can be attributed to improved stereoscopic and hydro-
phobic interaction with the nucleotide binding site. The increase in IS increased
cross-bridge detachment steps (k2 and k(-4)), indicating that electrostatic force
counteracts these steps. However, IS did not affect attachment steps (k(-2) and
k4). Consequently, the equilibrium constant of the detachment step (K2)
increased to 2x, and the force generation step (K4) decreased to 0.7x. These ef-
fects together diminished the number of force-generating cross-bridges by
~10%. Because associated decrease of tension was ~40%, the major effect of
IS is a decrease in force/cross-bridge, but also a decrease in the number of force
generating cross-bridge occurs.
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In the presence of Mg2þADP, myosin forms stable ternary complexes with
phosphate analogues, fluoroberyllate (BeFn), fluoroaluminate (AlF4-) and or-
thovanadate (Vi), each of which may mimic different transient state along
ATPase cycle. It is known that kiensin also forms similar ternary complexes.
Our previous studies on the photoaffinity-labelling using photoactive ADP
analogue and 19F NMR spectroscopy using 19F-labeled ADP analogue for
the ternary complexes revealed that there is some variation in the myosin-
nucleotide contacts at the nucleotide base among the ternary complexes. Pre-
viously, we have incorporated photochromic molecule, azobenzen derivative
into the functional region of ATP driven motor proteins and succeeded to con-
trol activities and conformation reversibly by photochromic irradiation. Aim of
this study is to induce transition between the different steps in ATPase cycle of
motor proteins utilizing photoisomerization on the motor protein-phtochromic
ADP analogue-fluorometal ternary complexes. In this study, three types of
photochromic ATP analogues composed of azobenznene, spiropyran and
fulgimide derivatives were synthesized. The photo-responsive interaction of
the photochromic ATP analogues with myosin and kinesin were examined.
Photo-dependent conformational changes of the myosin motor domain were
monitored by X-ray small angle scattering. And the photo-reversible changes
in the velocity of the microtubule glyding for kinesin in the presence of the
photochromic ATP analogues were also observed. In the presence of fluorome-
tal, BeFn, photochromic ADP analogues were trapped within the ATPase site
of kinesin and myosin resulted in formation of ternary complexes. The confor-
mational changes of the complexes induced by photo irradiation were studied.
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We have used electron paramagnetic resonance (EPR) of a bifunctional spin
label (BSL) to obtain high-resolution measurements of individual structural el-ements within the myosin II catalytic domain (CD). Two complementary EPR
techniques were employed to measure protein orientation (conventional EPR)
and intra-protein distances (dipolar electron-electron resonance, DEER). The
use of BSL greatly enhances the resolution of EPR, by virtue of its strongly im-
mobilized and stereoselective bifunctional attachment to the protein backbone
at two engineered Cys residues. Crucially, both techniques utilized here permit
the elucidation of myosin structure while in complex with actin, generating rele-
vant constraints for the refinement of actomyosin structural models. In the
current work, Dictyostelium myosin II was used as our model system. We
measured nucleotide-dependent structural transitions of three key helices within
the myosin CD. Three double-Cys sites were engineered, with Cys pairs located
on the relay helix, helix HK (upper 50kDa domain) and helix HW (lower 50kDa
domain), respectively. BSL on a construct with one of these pairs was used to
measure myosin orientation relative to oriented actin. BSL on a construct with
two pairs was used to measure interprobe distances. The effect of ADP binding
was clearly detected by EPR, and subsequently modeled using the orientation
and distance measurements as constraints. We find that the structural change
induced by ADP in the actin-bound myosin CD is clearly different from that
predicted from actin-free crystal structures. This work was funded by grants
from NIH (R01 AR32961, T32 AR07612, P30 AR0507220).
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Dysregulated mechano-activated calcium (Ca2þ) and reactive oxygen species
(ROS) signaling pathways underscore a growing number of diseases; however,
a lack of mechanistic detail has limited the discovery of therapeutic targets. The
cytoskeleton has garnered recent interest as it integrates and focuses mechani-
cal stress on mechano-activated enzymes, ion channels, and proteins. In striated
muscle, we recently discovered the microtubule network as the critical cyto-
skeletal element which activates X-ROS, a novel pathway in which the me-
chanical stress of stretch/contraction drives NADPH Oxidase 2 (NoX2) ROS
production. In healthy muscle, X-ROS sensitizes the activation of ligand or
stretch-activated Ca2þ channels and pharmacologic modulation of MT density
‘tunes’ X-ROS. In disparate models of muscular dystrophy, we find elevated
MT network density drives excess X-ROS and Ca2þ signaling dysfunction.
Acute pharmacologic ablation of MT network structure in diseased muscle re-
vealed the MT network as a target with translational potential, however MT
structure is critical to normal cellular function and significant MT ablation
may limit this approach. We identified elevated levels of a-tubulin de-
tyrosination - a post-translational modification (PTM) associated with
increased mechanical properties of the MT network - in muscle exhibiting
both enhanced MT density and X-ROS. In dystrophic mdxmuscle, the pharma-
cologic reduction of a-tubulin de-tyrosination had no effect on the overall den-
sity or structure of the MT cytoskeleton, yet significantly reduced X-ROS and
Ca2þ dysregulation in vitro and limited contraction-induced muscle injury in
vivo. Measures of sarcomere and sub-sarcolemmal cytoskeletal mechanics re-
vealed that a reduction in a-tubulin de-tyrosination decreased the mechanical
stiffness of the MT cytoskeletal network. We conclude that a-tubulin de-
tyrosination is a PTM that regulates the mechanosensitivity of striated muscle
and propose that pharmacological targeting of this PTM will have broad ther-
apeutic potential for the muscular dystrophies.
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Disuse and unloading rapidly result in skeletal muscle atrophy, fiber type switch
and dysfunction. The recovery from those conditions has broad physiological
and medical significances. To understand the recovery process and the molec-
ular adaptations in muscle reloading, mouse soleus muscles were studied after
4 weeks of hind limb-suspension and reloading for 3, 7, 15, 30, 45 and 60 days.
The results showed that 4 weeks of unloading produced significant muscle at-
rophy and reductions of contractile force and fatigue tolerance, accompanied
Wednesday, February 11, 2015 593aby switches of myosin isoforms from IIa to IIx and IIb, with no change in type I
myosin, and to more low molecular weight fast troponin T splice forms. During
reloading, soleus muscle mass, fiber size and contractile force gradually recov-
ered and reached the control level by 15 days. The levels of type IIa, IIx and IIb
myosins recovered at 15 days of reloading. However, fatigue tolerance and post
fatigue force recovery showed a trend of worsening during this period with
significantly inflammatory cell infiltration at 3 and 7 days, indicating reloading
injuries. The reloading injury was accompanied by up-regulations of filamin-C
and alpha-crystallin-B, which returned to control level after 30 days. During the
course of slow recovery, we observed later increases of type I myosin expres-
sion and the number of type I fibers to levels significantly higher than that in
normal adult mouse soleus muscle at 30 to 60 days of reloading, which may
contribute to the recovery of fatigue tolerance. The data demonstrated the value
of increased slow fiber contents as a secondary adaption to compensate for mus-
cle reloading injury, serving as an indicator for monitoring muscle function dur-
ing the chronic recovery from unloading and disuse conditions.
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Myosin II is an ensemble motor that participates in muscle contraction, actin
cortex remodeling and cytokinesis ring constriction. It has been an interesting
puzzle for scientific community to understand the allosteric rules between
motors that regulate/co-ordinate when they work in group. We have performed
classical In Vitromotility assay at different heavy meromyosin (HMM) density
and ATP concentrations. By changing immobilized HMM density and ATP
concentration, we change the number of HMMmolecules available for interac-
tion/unit length of actin filament. Actin filaments of >10 micron length were
added in flow cell and assay was initiated by addition of ATP. Actin filaments
breaks down to smaller pieces within minutes after addition of ATP. Average
length of sliding filaments correlates well with motors density and ATP con-
centrations in solution. At 633 head/mm2 density and 2 mM ATP concentration
the average filament length was 1747.65614 nm and further reduced to
1290.55385.5 nm at 0.1 mM ATP. At 4000 heads/mm2 density and 2 mM
ATP concentration the average filament length was 935.55286 nm and
reduced to 599.55154.2 nm at 0.1 mM ATP. Any filament below this average
length does not slide continuously, they detach from surface with time and any
filament above this average length fragments to smaller pieces with time.
Assuming Poisson distribution of immobilized heads, we calculated maximum
number of molecules that can interact for a given actin length. Number of mol-
ecules required for continuous sliding is independent of motor density and de-
pends only on ATP concentration. For 2 mM ATP concentration, 123.6528.9
heads and for 0.1 mM ATP concentration 62.3 519.5 heads are required for
continuous sliding of actin. All values are mean 5 SD.
Supported by DST, Government of India.
2991-Pos Board B421
Muscle Shortening Velocity is Modulated by Alternative Myosin
Converters
Christopher S. Newhard, Bernadette M. Glasheen, Debra Sheppard,
Lauren Riley, Douglas M. Swank.
Biology, Rensselaer Polytechnic Institute, Troy, NY, USA.
The myosin converter has been proposed to be critical for setting muscle short-
ening velocity by influencing the amplification of small conformational changes
at the ATPase site into the larger lever arm swing. To test this hypothesis, we
exploited the natural variation of the converter region found inDrosophilamus-
cle types. In Drosophila, a single myosin heavy chain gene is alternatively
spliced to generate myosin isoforms. The converter region is encoded by five
alternative versions of exon 11 that are expressed in different muscle types.
Through genetic modification we forced the expression of the alternative ver-
sions in the Drosophila jump muscle and found that two of the three versions
tested to date, 11a (native to indirect flight muscles) and 11e (embryonic mus-
cles), caused faster maximum shortening velocities of skinned jump muscle fi-
bers relative to the native control 11c. Increases in velocity were primarily
responsible for 70.9% and 79.0% higher power outputs for 11a and 11e fibers,
respectively, because maximum force generation was not significantly different
from control fibers. The fibers expressing 11a and 11e also exhibited a straighter
force-velocity curve, as shown by increased Hill equation parameters a (95.4%
and 84.5% higher, respectively) and b (72.6% and 65.5% higher, respectively)
relative to control fibers, indicating that the converter modulates load dependentcross-bridge kinetics. The higher power and shortening velocity of 11a and 11e
fibers enabled increased jumping ability, 76.0% and 48.8% farther, respectively.
Converter homology models, using the new Drosophila myosin S1 crystal
structure (pdb 4QBD), revealed minimal tertiary structure differences suggest-
ing residue specific interactions with the relay, N-terminus, or essential light
chain are critical. Overall, our data support the hypothesis that the converter
helps set muscle shortening velocity under loaded and unloaded conditions
and thus contributes to muscle fiber type diversity.
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Actin filaments carry out diverse cellular functions including cell division,
intracellular transport, and muscle contraction. Tropomyosin (Tm) is an a-he-
lical coiled-coil protein that regulates actin in most eukaryotic muscle and non-
muscle cells. Nonmuscle isoforms of Tm, particularly Tm5NM1 (Tpm3.1)
(short isoform, 247 a.a., TPM3 gene), play an important role in cellular func-
tions such as cell migration, and cytokinesis as well as in the transformation
and metastasis of cancer cells. In previous work, mutation of evolutionarily-
conserved residues in striated muscle aTm (Tpm1.1) (long isoform, 284 a.a.,
TPM1 gene) revealed the regions important for actomyosin regulation. In the
present study, we have mutated evolutionarily-conserved residues in Tpm3.1
to determine the molecular basis for isoform-specificity of actomyosin regu-
lation by Tms. We mutated surface residues in nonmuscle Tpm3.1 in periods
P1-P7 at positions homologous to the residues that are important for actomy-
osin regulation by striated muscle Tpm1.1 (Barua et al., 2012). In vitro motility
assays were carried out to determine the effect of mutations on actin filament
velocities. Actin-Tm velocities with skeletal myosin are inhibited by Tpm1.1
(~60%) but activated by Tpm3.1 (~60%) relative to actin alone. The Tpm3.1
mutants had little or no effect on velocity, except for the P3 and P6 mutants
that showed a ~50-60% inhibition in filament velocity relative to WT
Tpm3.1. In comparison, amongst the Tpm1.1 mutants, the P3 and P6 mutants
also showed the largest inhibition (~70-80%) in filament velocity relative to
WT Tpm1.1. These results indicate that the same regions of Tm (periods 3
and 6) are important for regulation of skeletal myosin by two different isoforms
that have contrasting effects (inhibition by Tpm1.1 vs. activation by Tpm3.1)
on filament velocity. Supported by NIH.
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Striated muscle tropomyosin is phosphorylated at a single site. Effects of this
covalent modification include an increase in myosin activation by thin fila-
ments (þCa(II)) under steady state conditions (Vmax, 16 vs. 8 sec-1; ionic
strength, ~ 30 mM; T, 25 oC). Thin filaments were assembled using skeletal
muscle troponin and alpha-tropomyosin (either unphosphorylated or phosphor-
ylated). Each type of thin filament was mixed with varying concentrations of
myosin-S1A1 (4uM F-actin; buffer, 5.5 mMMgCl2, 50 mM KCl, 10mM imid-
azole, 3mM MgADP, 1mM dithiothreitol, pH 7 plus 0.5mM EGTA or Ca(II))
and incubated at 4 oC for 1hr with 20uM myokinase inhibitor. The mixtures
were then centrifuged for 30min at 150,000 x g at 25 oC. The unbound S1
was determined using a NH4/EDTA ATPase versus [myosin-S1A1] standard
curve. The zero time samples showed no colour development, consistent
with the absence of ATP. At a given pCa the isotherms obtained with each
type of reconstituted thin filament are virtually superimposable (in terms of
steepness and mid-point). The apparent binding constants range from 0.1 to
0.4 uM. Added Ca(II) strengthens affinity and EGTA weakens it. Pre-steady
state experiments using double-mixing fluorescent stopped-flow are in progress
to investigate further the effect of this modification.
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Mutations in cardiac troponin C (cTnC) have been linked to hypertrophic car-
diomyopathy (HCM) in humans. The cTnC subunit of the troponin complex is
